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Sensing of and response to transient increases in the residual presynaptic Ca2+ levels are important adaptive mechanisms that define the short-
term plasticity characteristics of neurons. Due to their essential function in synaptic vesicle priming and in the modulation of synaptic strength,
Munc13 proteins have emerged as key regulators of these adaptive mechanisms. Indeed, Munc13-1 and ubMunc13-2 contain a conserved
calmodulin (CaM) binding site and the Ca2+-dependent interaction of these Munc13 isoforms with CaM constitutes a molecular mechanism that
transduces residual Ca2+ signaling to the synaptic exocytotic machinery. Here, we used Munc13-derived model peptides in photoaffinity labeling
(PAL) experiments to demonstrate the stoichiometric and Ca2+-dependent CaM binding of the other members of the Munc13 family, bMunc13-2
and Munc13-3, via structurally distinct non-conserved binding sites. A PAL-based Ca2+ titration assay revealed that all Munc13 isoforms can form
a complex with CaM already at low Ca2+ concentrations just above resting levels, underscoring the Ca2+ sensor/effector function of this
interaction in short-term synaptic plasticity phenomena.
© 2006 Elsevier B.V. All rights reserved.Keywords: Vesicle priming; Munc13; Calmodulin; Short-term plasticity; Ca2+ sensitivity; Photoaffinity labeling1. Introduction
The Munc13 proteins (Munc13-1, the splice isoforms
bMunc13-2 and ubMunc13-2, and Munc13-3) are the key
mediators of synaptic vesicle priming, an essential process in
Ca2+-regulated neurotransmitter release that renders docked
vesicles fusion-competent prior to exocytosis [1,2]. Structu-
rally, Munc13 proteins are characterized by their highly
conserved C-terminal parts, which contain a C1 domain, two
C2 domains, and two Munc13 homology domains (Fig. 1)
[3–6]. Only Munc13-1 and ubMunc13-2 are also conserved
N-terminally of the C1 domain, whereas bMunc13-2 and⁎ Corresponding author. Proteomics Group, Max-Planck-Institute of Experi-
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doi:10.1016/j.bbamcr.2006.09.017Munc13-3 have unrelated N-termini (Fig. 1) [6]. Apart from
the ubiquitously expressed ubMunc13-2, Munc13 protein
expression is largely restricted to the brain [3,4,6]. Munc13-1,
which is the most abundant Munc13 isoform and present in all
neurons of the brain [4,7], is specifically targeted to the pre-
synaptic active zone compartment of nerve cell axons [7–9].
Due to their essential function in synaptic vesicle priming
and in the modulation of synaptic strength, Munc13 proteins
are key regulators of adaptive synaptic mechanisms such as
presynaptic short-term plasticity (STP), a process by which the
release of neurotransmitter is dynamically adapted to a chang-
ing demand, e.g. during phases of high-frequency synaptic
activity (for review see [10]). Indeed, functional studies on
Munc13 knock-out neurons [1,2,11,12] showed that Munc13-1
and ub/bMunc13-2 determine different STP characteristics.
While Munc13-1-dependent synapses are characterized by
short-term depression, synapses containing ub/bMunc13-2
exhibit frequency facilitation during and augmentation after
high-frequency activity [11,12].
Fig. 1. Domain structure of Munc13 proteins. All Munc13 proteins share a highly homologous C-terminus (R-region, red) containing two Munc13 homology domains
(MHDs), one diacyglycerol/phorbolester binding site (C1), and two C2 domains, which may serve as Ca2+/phospholipid-binding or protein interaction sites. Only
Munc13-1 and ubMunc13-2 are also conserved N-terminally of the C1 domain (L-region, blue), whereas the N-termini of bMunc13-2 (green) and Munc13-3 (yellow)
are unrelated. A highly acidic stretch in the N-terminus of Munc13-1 (white) is not conserved in ubMunc13-2. The established conserved CaM binding sites in
Munc13-1 and ubMunc13-2 are represented by black bars, whereas the newly-identified non-conserved CaM binding sites in bMunc13-2 and Munc13-3 are
represented by dotted and hatched bars, respectively. The CaM binding sites selected for an in-depth analysis by PAL are indicated by white dots/lines on black
background (see Results and discussion for details).
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increase in the residual presynaptic Ca2+ levels, which typically
results from prolonged high-frequency presynaptic activity, but
the molecular mechanism by which increased residual pre-
synaptic Ca2+ levels modulate the transmitter release machinery
during STP has long been enigmatic. In search of a molecular
link between presynaptic Ca2+ dynamics and the release
machinery in STP, we recently identified an N-terminal
calmodulin (CaM) binding site in Munc13-1 and ubMunc13-2
(Fig. 1) that is conserved from Drosophila [13], and showed
that the Ca2+-dependent CaM binding of Munc13-1 and
ubMunc13-2 generates a Ca2+ sensor/effector complex, which
links residual Ca2+ signaling to the synaptic exocytotic
machinery [12].
Interestingly, most features of presynaptic STP are observed
even in the absence of Munc13-1 and ubMunc13-2 [1,11,12].
This indicates that the functions of bMunc13-2 and Munc13-3
are also sensitive to changes in residual Ca2+, or that Munc13-
independent Ca2+ signaling pathways exist in STP. However,
bMunc13-2 and Munc13-3 do not contain the Ca2+/CaM
binding site that is conserved between Munc13-1, ubMunc13-2,
and Drosophila Unc-13. We therefore searched for alternative
Ca2+/CaM binding motifs in bMunc13-2 and Munc13-3 that
could explain the apparent Ca2+ sensitivity of the priming
activity of these Munc13 isoforms.
We used bioinformatic tools to identify potential CaM
recognition motifs in bMunc13-2 and Munc13-3. Munc13-
derived peptidic photoprobes covering the potential CaM
binding sites were then synthesized and used in photoaffinity
labeling (PAL) experiments. PAL, especially in combination
with mass spectrometric characterization of the covalent
photoadducts [14], is a powerful tool for the investigation of
peptide–protein interactions and was previously used by us for
the characterization of the conserved CaM binding sites in
Munc13-1 and ubMunc13-2 [12]. Our data show that all four
Munc13 isoforms bind CaM in a stoichiometric and Ca2+-
dependent manner and that only slightly elevated intracellular
Ca2+ concentrations are sufficient to trigger these interactions.
We conclude that convergent evolution has generated structu-
rally distinct but functionally similar Ca2+/CaM binding sites in
Munc13-1/ubMunc13-2, bMunc13-2, and Munc13-3, all of
which can contribute to presynaptic STP.2. Materials and methods
2.1. Prediction of CaM binding sites
Due to the lack of a single consensus sequence for CaM binding sites,
Munc13-derived amino acid sequences were first searched for similarities
against a web-based CaM target database (http://calcium.uhnres.utoronto.ca/
ctdb) [15]. As these searches returned no hits, a bioinformatic prediction tool
available on the same server was used to screen the Munc13-derived sequences
for the presence of potential CaM recognition motifs. This program employs
biophysical and structural criteria such as hydropathy, α-helical propensity,
residue size, residue charge, hydrophobic residue content, helical class, and
occurrence of particular residues to determine putative CaM binding sites [15].
Scores indicating a residue's propensity of being part of a CaM binding site are
evaluated for a sliding twenty-residue window and normalized to the entire
sequence.
2.2. Peptide synthesis
All peptides and peptidic photoprobes were synthesized by solid phase
peptide synthesis using standard fluorenylmethoxycarbonyl (Fmoc) chemistry
as described [16]. The peptides were N-terminally elongated by an artificial Cys
residue to enable a selective coupling chemistry via the sulfhydryl group, an
option for future experiments that was not used in the present study. Instead of
modifying the Munc13-derived peptides N-terminally by a benzophenone group
as performed previously [12], the photophore was directly introduced into the
polypeptide chain by using the photoreactive amino acid derivative Fmoc-para-
benzoyl-Phe (Bachem). Purified peptides were characterized by analytical
reversed-phase HPLC and mass spectrometry. Amino acid analysis was used to
determine the exact concentrations of peptide stock solutions.
2.3. Photoaffinity labelling (PAL)
For the PAL reactions, 5 μM salt-free bovine brain CaM (product number
P2277, Sigma) and 5 μM peptidic photoprobe were incubated for 2 h at room
temperature under light exclusion in 250 mM ammonium acetate (pH 8) in the
presence of 2 mM EGTA or 3 mM Ca2+ as described [12]. 5 mM DTT was
included to prevent intermolecular disulfide bond formation of the N-terminal
Cys residues present in all peptides used. The exact concentrations of CaM
stock solutions were determined by amino acid analysis. Activation of the
photophore with UV light was performed on ice using an Ultratech 400 W
halogen metal vapor lamp (Osram) and a B270 glass screen (Schott) to filter
protein-damaging wavelengths below 300 nm [16]. Unless stated otherwise,
UV irradiation was carried out for 20 min. The competition and cross
competition reactions were carried out as above in the presence of increasing
concentrations (0–50 μM) of wild-type or binding-deficient control peptides as
competitors. Following UV irradiation, photoadducts were separated from non-
labeled CaM by SDS PAGE on pre-cast NuPAGE 12% Bis-Tris gels
(Invitrogen) using a MOPS buffer system according to the manufacturer's
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with Coomassie Brilliant Blue G-250 [17].
2.4. Detection of the photoadducts by mass spectrometry
For detection of photoadducts by matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectrometry, aliquots of the irradiated
PAL reaction mixture were desalted on the basis of reversed-phase
chromatography by using C18 ZipTips (Millipore) according to the manufac-
turer's instructions. Sinapinic acid was used to prepare a matrix sandwich for the
application of the samples on a ground steel sample support. Briefly, a saturated
sinapinic acid solution in ethanol was deposited onto the sample position, which
resulted in a microcrystalline matrix layer after evaporation of the solvent. Onto
these precoated positions, 1 μl of a premix consisting of equal volumes of the
ZipTip eluate and of a saturated sinapinic acid solution (acetonitrile/0.1% TFA,
1:2) was deposited and allowed to dry. After drying, the crystalline sample was
washed once with 2 μl 0.1% TFA. A mixture of three standard proteins ranging
from 12,360 to 23,981 Da (Protein Calibration Mix 2, LaserBio Labs) was
prepared accordingly and used for external calibration. Positively charged ions
in the mass-to-charge (m/z) range 5000–30,000 were analyzed with a Bruker
Ultraflex I MALDI-TOF mass spectrometer operated in the linear mode under
the control of the FlexControl 2.4 operation software (Bruker Daltonics). Post-
processing and calibration of the mass spectra was performed with the post-
processing software FlexAnalysis 2.4 (Bruker Daltonics).
2.5. PAL-based Ca2+ titration assay
To investigate the Ca2+ sensitivity of the Munc13–CaM interaction, a PAL-
based Ca2+ titration assay was established. For that purpose, bovine brain CaM
and peptidic photoprobe were incubated as described above for PAL, with the
exception that a titration buffer more closely resembling the presynaptic
conditions was used (10 mM HEPES (pH 7.2), 150 mM KCl, 5 mM DTT).
Defined concentrations of free Ca2+ were achieved by different Ca2+/chelator
buffer systems. Maxchelator (http://www.stanford.edu/~cpatton/maxc.html), a
program for determining the free metal concentration in the presence of
chelators [18], was used to calculate the Ca2+/chelator ratios needed to obtain the
desired concentrations of free Ca2+. For free Ca2+ concentrations in the range of
1–10 μM, 10 mM HEDTA was included into the titration buffer and
2.4–7.6 mM CaCl2 were added. For free Ca
2+ concentrations in the range of
1–1000 nM, 10 mM EGTA was included into the titration buffer and
0.06–8.5 mM CaCl2 were added. Only reagents of highest purity were used
for the Ca2+ titration experiments. Separation of the photoadducts from non-
labeled CaM by SDS PAGE and visualization of the proteins by colloidal
Coomassie staining were performed as described above. Gels were documented
with a near-infrared fluorescence imager (Odyssey system; LI-COR) allowing
for quantitation of proteins on the basis of the Coomassie fluorescence that can
be recorded in the 700 nm channel [19].
2.6. Determination of trace calcium
Trace calcium in virtually calcium-free samples was determined by
inductively coupled plasma mass spectrometry (ICP-MS) using a quadrupole
instrument equipped with a dynamic reaction cell (ELAN DRC II, Perkin
Elmer). Ammonia at a flow rate of 1 ml/min was used as reaction gas (Rpq=0.5)
to eliminate plasma-based interferences such as 40Ar+. Calcium was detected on
the basis of its isotopes 42Ca+, 43Ca+, and 44Ca+ to enable the quantification of
trace calcium in the presence of a high excess of potassium (39K+). The detection
limit for calcium was approximately 20 ppb.3. Results and discussion
3.1. Screening for CaM binding sites
Analogous to the strategy used for the initial identification of
the conserved CaM binding sites in Munc13-1 and ubMunc13-2[12], the first indication of the presence of a non-conserved
CaM recognition motif in bMunc13-2 was provided by co-
sedimentation experiments using fusion proteins of bMunc13-2
fragments with GST (Betz, A. and Brose, N., unpublished data).
Thereby, bMunc13-2(627–755) was identified as minimal
CaM-binding construct (Betz, A. and Brose, N., unpublished
data) and this amino acid sequence was used here as input for a
bioinformatic tool to predict CaM recognition motifs. Based on
this prediction, we identified amino acids 719–742 of
bMunc13-2 as a potential CaM binding site (Fig. 1). Although
unrelated in amino acid sequence, this site corresponded to the
established CaM binding sites Munc13-1(459–479) and
ubMunc13-2 (382–402), with respect to its distance from the
C1 domain (Fig. 1). Interestingly, when we extended the input
into the prediction algorithm to the 500 amino acids N-terminal
of the C1 domain in bMunc13-2, a second potential CaM
binding site located more N-terminally was identified (amino
acids 573–592, Fig. 1). Similarly, by analyzing the correspond-
ing part of Munc13-3 (500 amino acids N-terminal of the C1
domain) with the prediction algorithm, three potential CaM
binding sites were identified in this isoform. The two sites
located most N-terminally (amino acids 786–804 and 961–980)
resembled the positioning of potential CaM binding sites
observed for bMunc13-2 (Fig. 1). A third potential CaM
binding site in Munc13-3 was predicted to reside directly
adjacent to the C1 domain (amino acids 1042–1061). However,
as this region is characterized by a relatively high sequence
homology between all four Munc13 isoforms, we considered
the CaM binding site in this part of Munc13-3 as false positive
prediction.
On the basis of the bioinformatic screening, we synthe-
sized a set of four novel model peptides covering the potential
CaM binding sites of bMunc13-2 and Munc13-3, respectively.
Out of the two potential CaM binding sites present in each
of these Munc13 isoforms, we considered the sequences
bMunc13-2(719–742) and Munc13-3(786–804) as primary
candidate sequences, the former on the basis of the biochemical
evidence from the co-sedimentation experiments mentioned
above, the latter on the basis of the scoring provided by the
prediction algorithm. While all four model peptides were tested
for Ca2+-dependent CaM binding at least in a qualitative
manner, we focused on the peptides corresponding to
bMunc13-2(719–742) and Munc13-3(786–804) for the in-
depth analysis of the CaM interaction by means of competition
experiments and Ca2+ titration assays (see below).
3.2. Peptide design
The potential CaM binding peptides bMunc13-2 (719–742)
(b13-2a), Munc13-3(786–804) (13-3a), bMunc13-2(572–594)
(b13-2b), andMunc13-3(961–980) (13-3b) were synthesized and
used in parallel with the previously characterized CaM binding
peptidesMunc13-1(459–479) (13-1) and ubMunc13-2(382–402)
(ub13-2) (Fig. 2). All six CaM recognition motifs belong to, or
are at least derivatives of the Ca2+-dependent 1-5-10 or 1-8-14
motifs [20], and are therefore characterized by a hydrophobic
anchor point in position 1 of the motifs [21] (Trp in 13-1 and
Fig. 2. Amino acid sequences of the model peptides covering the CaM binding
sites of the different Munc13 isoforms. The sequences of the wild-type peptides
are shown with the proposed hydrophobic anchor residues underlined. The full
names including the amino acid numbering and the abbreviations used
throughout the manuscript are given to the left and right of the sequences,
respectively. The corresponding photoprobes and binding-deficient controls
were generated by replacement of the anchor residue by para-benzoyl-Phe and
Arg, respectively. Note that the Munc13-1- and ubMunc13-2-derived peptides
display a high homology (59% identity, identical residues are boxed), whereas
the other sequences are unrelated. Numbering of amino acids refers to the rat
sequences (GenBank accession numbers: Munc13-1, U24070; ubMunc13-2,
AF159706; bMunc13-2, U24071; Munc13-3, U75361).
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objective to use the Munc13-derived model peptides for PAL,
we replaced these anchor residues with the photoreactive
amino acid derivative para-benzoyl-Phe to generate the benzo-
phenone (Bp) photoprobes Bp7-13-1, Bp7-ub13-2, Bp5-b13-2a,
Bp3-13-3a, Bp10-b13-2b, and Bp3-13-3b. By applying this
strategy, we directly introduced the photophore into the CaM
binding site without changing the hydrophobic, bulky, and
aromatic characteristics of the corresponding anchor position,
anticipating to minimize interference with CaM binding. In
addition to the wild-type peptides and their corresponding
photoprobes, we synthesized binding-deficient homologs based
on the finding that Trp/Arg mutations within the CaM binding
site abolish CaM binding of Munc13-1 and ubMunc13-2 [12].
To test whether this mutation effect is also seen at the peptide
level and, if so, to verify it for bMunc13-2 and Munc13-3, we
replaced the hydrophobic anchor residues with charged and
hydrophilic Arg to generate R7-13-1, R7-ub13-2, R5-b13-2a,
R3-13-3a, R10-b13-2b, and R3-13-3b.
3.3. Detection of the photoadducts
To demonstrate Ca2+-dependent CaM binding of the nov-
el Munc13-derived photoprobes introduced here, we used
Bp7-13-1, Bp7-ub13-2, Bp5-b13-2a, Bp3-13-3a, Bp10-b13-2b,
and Bp3-13-3b in PAL experiments followed by gel-electro-
phoretic analysis of the photoreaction products. First, we
compared photoadduct formation of the established N-termin-
ally modified versions of the Munc13-1/ubMunc13-2-derived
photoprobes, Bp1-13-1 and Bp1-ub13-2 [12], with that of the
corresponding analogs generated by replacement of the anchor
residues, Bp7-13-1 and Bp7-ub13-2. SDS PAGE and colloidal
Coomassie staining showed that the intensity of the Ca2+-de-
pendent 20 kDa species corresponding to the photoadducts was
similar for Bp1-13-1 and Bp7-13-1, as well as for Bp1-ub13-2
and Bp7-ub13-2 (Fig. 3A). Thus, the photoadduct yields were
independent of the photophore's position in the peptide,
indicating that the photoprobes retained their affinity for CaM
even after substitution of the anchor residue by para-benzoyl-
Phe. As anticipated, the photoadduct pattern of Bp7-13-1 andBp7-ub13-2 appeared to be more homogenous compared to
those of Bp1-13-1 and Bp1-ub13-2 (Fig. 3A). The heterogeneity
of the latter was explained previously by isomeric photoadduct
species, which differ in their electrophoretic mobility [12].
These isomeric species were most likely a result of photoincor-
poration at slightly different sites, whichwas probably facilitated
by an increased flexibility of the photophore-containing N-
termini of the peptides during CaM binding. In agreement with
this assumption, homogeneity of the photoadducts was
increased when the photophore was introduced in place of the
anchor residues and thereby into a region of the peptide known
to tightly contact CaM during binding. We therefore concluded
that the novel photoprobe design is a generally applicable
strategy to facilitate specific and regioselective PAL of CaM by
peptidic photoprobes, an important aspect especially for the
future structural characterization of the photoadducts.
With the objective to investigate whether the predicted CaM
binding sites in bMunc13-2 and Munc13-3 are functional, we
performed PAL experiments with Bp5-b13-2a, Bp3-13-3a,
Bp10-b13-2b, and Bp3-13-3b, and analyzed the photoreaction
products as before. Similar to Munc13-1 and ubMunc13-2, we
detected Ca2+-dependent 20 kDa photoadducts species for all
four photoprobes employed (Fig. 3A) and thereby biochemi-
cally confirmed the presence of two CaM binding sites in
bMunc13-2 and Munc13-3, respectively. Interestingly, the
photoadducts of Bp5-b13-2a and Bp3-13-3a were not as
homogenous as those of the other photoprobes, but rather
appeared as distinct double-bands (Fig. 3A). This finding
indicated a more flexible mode of CaM binding of Bp5-b13-2a
and Bp3-13-3a, which in turn resulted in the formation of two
defined photoadducts with different electrophoretic mobili-
ties. As interactions of CaM with target sequences derived from
1-5-10 or 1-8-14 motifs usually have a 1:1 stoichiometry, we
used mass spectrometry to analyze whether these double-
bands correspond to isomeric 1:1 photoadducts. We detected
only unmodified CaM and 1:1 photoadducts for Bp1-ub13-2,
Bp7-ub13-2, and Bp3-13-3a (Fig. 3C, E, G). In the mass spectra
obtained for Bp1-13-1, Bp7-13-1, Bp5-b13-2a, Bp10-b13-2b,
and Bp3-13-3b we observed additional signals corresponding to
a 1:2 stoichiometry, but only with intensities close to the detec-
tion limit (Fig. 3B, D, F, H, I). The presence of these minor
signals was in agreement with the Ca2+-dependent 25 kDa
species observed as faint smeary bands after gel-electrophoretic
analysis of the respective photoreaction products (Fig. 3A).
However, we considered these barely detectable 1:2 species as
artefacts probably due to the very high Ca2+-concentrations and/
or the relatively long irradiation times. Apparently, the photo-
probes Bp1-13-1, Bp7-13-1, Bp5-b13-2a also exhibited a re-
sidual Ca2+-independent CaM binding activity (Fig. 3A), which
was not seen with full-length Munc13 proteins and therefore
considered as artefact due to protein truncation [12]. Finally, it
should be mentioned that the 1:1 species of all photoprobes
applied were represented by single signals in the mass spectra,
with the exception of the Bp3-13-3a and Bp10-b13-2b photo-
adducts appearing as split peaks with mass increments of
approximately 50–60 Da (Fig. 3G, H). As Bp3-13-3a is the only
photoprobe containing a Trp residue (Fig. 2), the observed mass
Fig. 3. Detection of CaM and its photoadducts by SDS PAGE and mass spectrometry. (A) Coomassie-stained SDS gels showing the photoadduct formation of the
novel photoprobes Bp7-13-1, Bp7-ub13-2, Bp5-b13-2a, Bp3-13-3a, Bp10-b13-2b, and Bp3-13-3b in the absence (−) and presence (+) of Ca2+. The N-terminally
modified photoprobes Bp1-13-1 and Bp1-ub13-2, which were used previously to study CaM binding of Munc13-1 and ubMunc13-2 [12], were included for
comparison. (B–I) Mass spectra showing that all photoadducts were in principle represented by single signals corresponding to 1:1 species, even if a heterogenous
pattern was observed in the SDS gel. Only the mass spectra obtained from the PAL reactions in the presence of Ca2+ are displayed. Mass spectra were acquired by
MALDI-TOF mass spectrometry using sinapinic acid as matrix. The mass increment of m/z=206 detected for all signals was due to the known photochemically
generated adducts of sinapinic acid [31]. The calculated masses (Mcalc) of CaM and its respective photoadducts were as follows: Mcalc(CaM)=16790.4 (B–I), Mcalc
(CaM+Bp1-13-1)=19687.8 (B), Mcalc(CaM+Bp
1-ub13-2)=19638.7 (C), Mcalc(CaM+Bp
7-13-1)=19544.7 (D), Mcalc(CaM+Bp
7-ub13-2)=19495.6 (E), Mcalc(CaM
+Bp5-b13-2a)=19877.1 (F), Mcalc(CaM+Bp
3-13-3a)=19159.2 (G), Mcalc(CaM+Bp
10-b13-2b)=19716.8 (H), Mcalc(CaM+Bp
3-13-3b)=19367.4 (I). On the basis of
the accurate mass determination (maximal mass deviation 130 ppm), CaM was confirmed to be acetylated and to contain a trimethylated Lys [32]. Even for the
photoadducts, the maximal mass deviation was only 300 ppm.
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ring during irradiation and therefore did not correspond to the
double-band detected by gel-electrophoretic analysis (Fig. 3A).
Similarly, photolability of the imidazole side chains of the two
adjacent His residues in Bp10-b13-2b may have accounted for
the peak broadening observed for the corresponding photo-
adduct. Taken together, our findings demonstrate that all four
Munc13-isoforms bind CaM in a Ca2+-dependent manner and
with a 1:1 stoichiometry.
3.4. Specificity of photoadduct formation
To investigate the specificity of photoadduct formation by
means of homologous competition experiments, we included
increasing concentrations of the corresponding wild-type
parent peptides into the PAL reaction, and analyzed the
photoreaction products by gel electrophoresis as before. When
13-1 and ub13-2 were used as competitors for CaM binding of
Bp7-13-1 and Bp7-ub13-2, respectively, photoadduct formation
was suppressed already at equimolar levels (Fig. 4A, B),
indicating that photoreactive and unmodified forms of the
peptides bind the same binding site. In contrast, up to ten-fold
higher concentrations of b13-2a and 13-3a were required to
significantly suppress photoadduct formation of Bp5-b13-2a and
Bp3-13-3a, respectively (Fig. 5A, B). However, this observation
pointed to increased affinities of the photoprobes rather than toFig. 4. Homo- and heterologous competition experiments using Bp7-13-1 and Bp7-
formation of Bp7-13-1 (A) and Bp7-ub13-2 (B) in the absence (0 μM) and presence
experiments are highlighted by thicker frames. The absence (−) and presence (+) of Ca
competitor concentration (50 μM) are shown for the competition experiments with
confirmed that in spite of the heterogenous band patterns observed when equimol
competitors for Bp7-13-1 (A, upper two panels, 5 μM lanes), only CaM and 1:1 phdifferent binding sites of the photoreactive and unmodified
forms. It was reported previously that amphipathic model
peptides exhibit a significantly increased affinity for CaM upon
incorporation of a Trp residue into the N-terminal part of the
motif [22], indicating a correlation between the affinity of these
peptides to CaM and the bulkiness and hydrophobicity of their
anchor residues. Accordingly, the replacement of Trp by para-
benzoyl-Phe as performed in Bp7-13-1 and Bp7-ub13-2 (Fig. 2)
did not significantly alter the biophysical characteristics of the
anchor positions, and therefore resulted in similar affinities of
the photoreactive and unmodified forms. In contrast, replace-
ment of Phe by para-benzoyl-Phe as performed in Bp5-b13-2a
and Bp3-13-3a rendered the anchor position more hydrophobic,
bulky, and aromatic, which equipped the photoprobes with
higher affinities to CaM than those of the wild-type parent
peptides. The notion that Bp5-b13-2a and Bp3-13-3a differed
from their unmodified forms only in their binding affinities,
but not in their binding site usage was further supported by the
efficient suppression of photoadduct formation, which we
observed when the high affinity, Trp-containing peptides 13-1
and ub13-2 (Fig. 2) were used as heterologous competitors
(Fig. 5A, B). On the basis of the data from the competition
experiments, we concluded that each of the four Munc13-
derived photoprobes and their respective wild-type couterparts
target the same binding site on CaM. After performing all
possible combinations of homo- and heterologous competitionub13-2 as photoprobes. Coomassie-stained SDS gels showing the photoadduct
(1–50 μM) of different Munc13-derived competitors. Homologous competition
2+ is indicated. For the sake of clarity, only the lanes corresponding to the highest
the binding-deficient homologs (Arg variants). By mass spectrometry, it was
ar concentrations of the high-affinity peptides 13-1 and ub13-2 were used as
otoadduct species were present in these samples (data not shown).
Fig. 5. Homo- and heterologous competition experiments using Bp5-b13-2a, and Bp3-13-3a as photoprobes. Coomassie-stained SDS gels showing the photoadduct
formation of Bp5-b13-2a (A) and Bp3-13-3a (B) in the absence (0 μM) and presence (1–50 μM) of different Munc13-derived competitors. Homologous competition
experiments are highlighted by thicker frames. The absence (−) and presence (+) of Ca2+ is indicated. For the sake of clarity, only the lanes corresponding to the highest
competitor concentration (50 μM) are shown for the competition experiments with the binding-deficient homologs (Arg variants).
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affinities to CaM: Bp7-13-1=Bp7-ub13-2=13-1=ub13-2=
Bp5-b13-2a=Bp3-13-3a>b13-2a>13-3a.
The competition approach was also used to test whether
model peptides containing an Arg instead of the hydrophobic
anchor residue were devoid of CaM binding, as seen with
full-length Munc13-1 and ubMunc13-2 [12]. For that purpose,
we synthesized R7-13-1, R7-ub13-2, R5-b13-2a, and R3-13-3a
as binding-deficient homologs and used them as competitors
in PAL experiments as before. As anticipated, the ability of
R7-13-1 and R7-ub13-2 to suppress photoadduct formation of
Bp7-13-1 and Bp7-ub13-2 was significantly lower than that of
the wild-type peptides (Fig. 4A, B). This effect of decreased
affinity to CaM upon incorporation of Arg in position of the
anchor residue held true – at least as trend – for all binding-
deficient homologs (Figs. 4 and 5). Taken together, our data
confirmed the essential role of the anchor residue in CaM
binding also for b13-2a and 13-3a. This information, together
with the knowledge that two CaM binding sites are present in
bMunc13-2 and Munc13-3, respectively, will facilitate the
generation of CaM-insensitive variants of these Munc13
isoforms for future functional studies.
3.5. Ca2+ sensitivity of photoadduct formation
With the objective to determine the effective Ca2+
concentrations necessary to trigger Munc13–CaM interactions,
we established a new PAL-based Ca2+ titration assay to analyzethe Ca2+ sensitivity of photoadduct formation. We performed
the PAL experiments with the Munc13-derived photoprobes in
the presence of defined concentrations of free Ca2+ achieved by
Ca2+/chelator buffer systems, followed by gel-electrophoretic
analysis of the photoreaction products. After Coomassie-
staining, we quantified the bands corresponding to CaM and
the respective photoadducts densitometrically with a near-
infrared fluorescence imager on the basis of the Coomassie
fluorescence. The quantitation data from several independent
experiments were pooled and plotted as a titration curve, from
which we could deduce the effective Ca2+ concentration range.
As preliminary experiments employing free Ca2+ in the
concentration range of 0–10 μM indicated that photoadduct
formation is induced already in the presence of nanomolar
concentrations of free Ca2+ (data not shown), we carried out the
PAL-based titration assays in a concentration range of
0–100 nM free Ca2+. We found that Ca2+-dependent photo-
adduct formation of all Munc13-derived photoprobes was
initiated already at free Ca2+ concentrations as low as 20 nM
(Fig. 6A, B). With regard to this unexpected finding, the
question was raised whether the high Ca2+ sensitivities of
photoadduct formation we observed were a consequence of the
non-equilibrium conditions reached after extensive irradiation.
Under these PAL conditions, the interaction partners are
irreversibly transferred into a covalent complex and thereby
removed from the equilibrium. This effect particularly applied
to Bp7-13-1, Bp7-ub13-2 and Bp5-b13-2a, as these photoprobes
showed an almost quantitative photoadduct yield at their
Fig. 6. PAL-based Ca2+ titration assay. (A) Representative Coomassie-stained SDS gels showing the photoadduct formation of Bp7-13-1, Bp7-ub13-2, Bp5-b13-2a, and
Bp3-13-3a after 20 min of irradiation in the presence of increasing free Ca2+ concentrations indicated below the gel images. For each photoprobe, quantitation data
from three independent PAL experiments with gels run in duplicate were pooled (n=6) and plotted against the Ca2+ concentration to generate the titration curves shown
in (B). To compensate for variations in the total protein load, relative photoadduct yields were calculated by dividing the intensity of the photoadduct band(s) by the
summed up intensities of the CaM and photoadduct bands, and depicted in the graphs. Error bars indicate the standard deviation. (C) Coomassie-stained SDS gels
showing the Ca2+-dependent photoadduct formation of Bp7-ub13-2 after 1 min of irradiation (upper panel), and of Bp1-ub13-2 after 20 min of irradiation (lower panel).
Free Ca2+ concentrations are indicated below the gel images as before.
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the duration of irradiation in time course studies to identify
exposition times which left the majority of CaM unlabeled and
could be therefore considered at least as semi-equilibrium
conditions (data not shown). As shown here for Bp7-ub13-2, the
Ca2+ concentration sufficient to initiate photoadduct formationremained in the same range even if only 25% of CaM took part
in photoadduct formation after 1 min of exposure to UV light
(Fig. 6C, upper panel). According to these observations we
ruled out that the duration of irradiation, and thereby the
photoadduct yield, had a significant influence on the outcome of
the titration experiments. Based on the decisive influence of the
1264 K. Dimova et al. / Biochimica et Biophysica Acta 1763 (2006) 1256–1265anchor residue on a peptide's affinity to CaM (see discussion
above), we were concerned that the high Ca2+ sensitivities of
photoadduct formation might be an artefact due to incorporation
of the photophores in position of the anchor residues. To address
this issue, we carried out titration experiments under the
same conditions using the N-terminally modified photoprobe
Bp1-ub13-2 (Fig. 6C, lower panel). In agreement with the
results obtained for Bp7-ub13-2, the onset of photoadduct
formation of Bp1-ub13-2 was at the same nanomolar concen-
trations of free Ca2+, excluding the possibility that the position
of the photophore within the peptide had a significant influence
on the Ca2+ sensitivity of the interaction.
When we plotted the densitometric data as titration curves, it
became apparent that Bp7-13-1 and Bp5-b13-2a exhibited an
atypical Ca2+ dependence of photoadduct formation, as
photoadduct yields peaked at approximately 30 nM free Ca2+,
but dropped with higher Ca2+ concentrations (Fig. 6B). This
observation was in clear contrast to the Ca2+ dependence of
photoadduct formation of Bp7-ub13-2 and Bp3-13-3a, which
was represented by sigmoidal titration curves (Fig. 6B).
Interestingly, Bp7-13-1 and Bp5-b13-2a, the photoprobes
showing the atypical titration profile, did also show artificial
Ca2+-independent CaM binding and tended to form secondary
complexes of a 1:2 stoichiometry in the preceding PAL
experiments (Fig. 3). However, it remains to be established
whether these effects are all artefacts due to the use of model
peptides or, at least in part, represent inherent properties of the
corresponding full-length proteins Munc13-1 and bMunc13-2.
Taken together, our findings indicate that Ca2+ concentra-
tions as low as 20–30 nM are sufficient to trigger binding of the
Munc13-derived model peptides to CaM. However, we do not
consider these values to be absolutely exact as it is
experimentally difficult to control nanomolar Ca2+ concentra-
tions with chelator buffer systems, mainly due to contaminating
Ca2+ [18]. We addressed the contamination problem by using
higher chelator concentrations (10 mM EGTA) to avoid that
small changes in total Ca2+ lead to drastic changes in free Ca2+
[18]. Furthermore, we pooled aliquots of the virtually Ca2+-free
samples (see lanes “0 nM free Ca2+” in Fig. 3A) from all
titration experiments and determined the Ca2+ concentration by
ICP-MS. Thereby, the level of contaminating Ca2+ was found to
be in the 200 ppb range, which is equivalent to approximately
5 μM Ca2+. With respect to the critical buffer range around
30 nM free Ca2+, this low level of contaminating Ca2+ leads to
only small increases in free Ca2+ (less than 10%) in the presence
of 10 mM EGTA [18].
4. Concluding remarks
In the present study, we have identified non-conserved CaM
binding sites in bMunc13-2 and Munc13-3, and demonstrated
that these Munc13 isoforms bind CaM in a stoichiometric and
Ca2+-dependent manner. Thereby, we have established that
Munc13-1/ubMunc13-2, bMunc13-2, and Munc13-3 contain
structurally distinct but functionally similar CaM binding
sites, which are likely to be products of convergent evolution.
Interestingly, bMunc13-2 and Munc13-3 are characterized bythe presence of two CaM binding sites whose functional
significance remains to be established.
Binding of all four Munc13 isoforms is sensitive to Ca2+
concentrations in the range of 20–30 nM as determined by our
PAL-based Ca2+ titration assay. Although these unexpectedly
low Ca2+ concentrations may still be afflicted with some
uncertainty due to technical limitations in controlling free Ca2+
in the nanomolar range, they can be considered as physiological
on the basis of a recent study reporting basal presynaptic Ca2+
levels of as low as 25 nM [23]. Indeed, Ca2+ affinities in the
lower nanomolar range have been reported previously for other
CaM/target peptide complexes [24–26]. However, several
comparative studies have shown that full-length CaM binding
proteins require effective Ca2+ concentrations up to one order of
magnitude higher than the corresponding peptides to induce
CaM-dependent effects [27–29]. In agreement with these
observations, a half-maximal effective Ca2+ concentration of
approximately 100 nM has been recently determined for the
binding of fluorescent full-length GFP-ubMunc13-2 to CaM-
coated beads (Ashery, U., University of Tel-Aviv, Israel,
personal communication). Considered in the context of synaptic
function and plasticity at low Ca2+ concentrations, our findings
indicate that bMunc13-2 and Munc13-3 may have STP
characteristics similar to those previously established for
Munc13-1 and ubMunc13-2 [12].
In summary, we conclude that Munc13 proteins and CaM
form Ca2+ sensor/effector complexes, which are functional
already at slightly elevated Ca2+ levels and capable of sensing
small increases in presynaptic Ca2+ concentration, that are
thought to be necessary for the induction of STP phenomena
[30]. Using our data obtained by the PAL approach as basis,
further biochemical and electrophysiological studies are now
required to elucidate the presynaptic function of CaM binding to
bMunc13-2 and Munc13-3.
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